Abstract. The metabolism of myo-inositol-2-14C, D-glucuronate-1-14C, D-glueuronate-6-14C, and L-methionine-methyl-14C to cell wall polysaccharides was investigated in excised root-tips of 3 day old Zea mays seedlings. From myo-inositol, about one-half of incorporated label was recovered in ethanol insoluble residues. Of this label, about 90 % was solubilized by treatment, first with a preparation of pectinase-EDTA, then with dilute hydrochloric acid. The only labeled constituents in these hydrolyzates were D-galacturonic acid, D-glucuronic acid, 4-0-methyl-D-glucuronic acid, D-xylose, and L-arabinose, or larger oligosaccharide fragments containing these units. Medium external to excised root-tips grown under sterile conditions in myo-inositol-2-14C contained labeled polysaccharide.
Galacturonic3, glucuronic3, and 4-0-methvl-glucuronic acid3 constitute the 3 major acidic glvcosyl components of polvsaccharides in cell walls of higher plants. Galacturonic acid, usually in the form of its methyl ester is found primarily in pectic substances, while glucuronic acid and 4-0-methvl-glucuronic acid, their carboxyl groups unsubstituted, occur as non-reducinig branches attached to xvlan or arabinoxylan chains. Earlier studies on the biosvnthesis of pectic substances in which mnyo-inositol was utilized to generate uronic acid precursor indicated that possibly all uronsyl units of cell wall polysaccharide are derived from this cyclitol. Evidence supporting this view was obtained in some preliminary experiments on the biosynthesis of glucuronic acid and related acidic polysaccharides in 1 Supported by grant (GM-12422) of the NIH, United
States Public Health Service. 2 Permanent address: School of Chemistrv, University of Geneva, Geneva, Switzerland. 3 Regarding these compounds: glucuronic acid refers to D-glucuronic acid, 4-0-methyl-glucuronic acid to 4-0-methyl-D-glucuronic acid, xylose to D-xylose, arabinose to L-arabinose, galacturonic acid to D-galacturonic acid, glucose to D-glucose, galactose to D-galactose, rhamnose to i.-rhamnose, and methionine to L-methionine. 4 Presented in part at the 152nd meeting of the American Chemical Society, New York, September, 1966 (Symposium on Hemicellulose, El) which mnyo-inositol-2-1'C was applied as a dilute aqueous solution to root hairs of intact 2 dav old Hordenini (barley) seedlings. A rapid incorporation of label into acidic polysaccharide, especiallv so-called hemicellulose B ('16) , an alkali-extracted, ethanol insoluble mixture of polysaccharides rich in acidic xvlans was observed (3) . After 32 hours as much as 80 % of applied 14C was recovered in ethanol insoluble residues, much of this as pentose units, xvlose3 and arabinose1, which were found to be labeled exclusively in carbon 5. This specific pattern of labeling is similar to patterns previously obtained from Fragaria (strawberry) and Petroselin/mum (parslev) tissues labeled with mzyo-inositol-2-14C and indicates that mlyo-inositol was oxidatively cleaved in a stereospecific reaction to form glucuronic acid-5-14C. Subsequent metabolism of this product resulted in a decarboxylated intermediate that was utilized for biosynthesis of cell wall polvsaccharides (10) .
The present investigation has been undertaken to study processes responsible for formation of uronic acid and pentose units in acidic polvsaccharides of root tips from 3 day old Zea mays (corn) seedlings. A prelimiinar-report on I portion of this work dealing with the conversion of mvtyo-inositol-2-' 4C to 4-0-nmethvl-glucuronic acid units of cell wall polysaccharides in Zea wilays root tips has appeared (30 ) 4 . Another paper, in which the isolation and identification of labeled constituents in the soluble portion of Zea root tips labeled with myo-inositol-2-14C is reported, is in preparation (J. Deshusses and F. Loewus, unpublished).
Materials and Methods
Germ1ination. 'rle Zea ways grain used in this study, ;Cornell M-4 hybrid, lot N-3971, was purchased from Agway, Inc., Syracuse, New York. Seeds grown in moist sphagnum moss were presoaked in distilled water (8 hr) and then germinated (64 hr, 28', dark). Seedlings grown under sterile conditions were germinated (72 hr, 280, subdued light) from seeds which had been rinsed briefly in 95 % ethanol, soaked in 2.5 % (w/v) sodium hypochlorite for 15 Although some of the first experiments with labeled myo-inositol involved fractionation procedures used previously in a study of cell wall polysaccharide from Acer cell cultures (27) , later experiments, including all that were performed with sterile root tips, followed a simple 2 step procedure involving an enzymatic hydrolysis followed bv a dilute acid hydrolysis. TIhe enzyme preparation used for the first step was a crude pectinase of commercial origin (Pectinol R-10 concentrate, Rohm and Haas Company); a preparation that contained a broad spectrum of hydrolytic activities including the ability to de-esterify pectin, cleave the glycosidic bond of some aldobiouronic acids, and hydrolyze pentosans and certain hexosans as well as pectin (21 Acidic constituents were eluted subsequently with a dilute formic acid gradient as described previously (27) . The uronic acid content of each fraction was measured by a modified carbazole procedure (6) .
Further separation of constituents in the neutral effluent and in pooled fractions of the acidic eluate was accomplished by paper chromatography (30) (30) . Glucuronic acid was identified chemically by reduction with sodium borohydride to L-gulonate, lactonization to L-gulono-y-lactone. and conversion to r.-gulonamide. Galacturonic acid was identified chemically by reduction with sodium borohydride to L-galactonate, lactonization to L-galactono-y-lactone, and conversion to i.-galactonamide (18) . Chemical identification of 4-O-methyl-glucuronic acid was reported earlier (30) .
Labeled Compounds. myo-lnositol-2-1 4C was a comnmercial sample prepared by chemical svnthesis (9) . A radioactive impurity amounting to about 10 % of the '4C present was removed by passing an aqueous solution of the sample through Dowex 50 H+ resin. After purification, an aliquot of myoinositol-2-'*C was converted to its trimethylsilyl derivative and injected on a gas chromatographic column. A single peak with the same retention volume as authentic hexakis-trimethylsilyl myo-inositol (15) was observed. Effluent gases from the chromatograph, monitored for radioactivity with a flow counter, contained a single radioactive peak coincident with the appearance of the ii vo-inositol derivative.
D-Glucuronic acid-1 -14C, a commercial sample, contained several major acidic impurities which were separated from glucuronic acid by gradient elution of the sample from a column of Dowex 1 formate resin. The purified product gave a single radioactive spot on paper chromatography in solvent A and in methyl ethyl ketone-n-butanol-acetic acidwater (3:2:2:2, v/v).
D-Glucuronic acid-6-14C was prepared from D-glucurono-y-lactone-6-l4C and purified as described above.
L-Methionine-methyl-1 *C, a commercial sample, could be used without additional purification.
Samples were counted in a liquid scintillation spectrometer (Packard Model 3000) as previously described (17, 27 To estimate phytase activity, 0.1 ml of an incubation mixture consisting of enzyme (1.7 ml ), 0.04 M magnesium sulfate (0.1 ml), and 0.01 M sodium phytate (0.2 ml) was removed, mixed with an equal volume of 10 % trichloroacetic acid, and assayed for total and inorganic phosphate (4) . During incubations, assays were layered with toluene to avoid contamination by microorganisms. acidic products were separated by ion exchange chromatography as shown in figure 1 (upper plot). Acids in the first 2 emergent peaks, 0 to 150 ml, were not characterized. The third peak, 200 to 3C00 ml, contained a single component, an aldobiouronic acid, tentatively identified as 2-0-(4-0-methyl-glucopyranosvluronic acid) -xvlose. The last peak to emerge from the column, 300 to 450 ml, also contained a single component, 4-0-methvl-gluctironic acid.
In order to compare enzymatic with acidic hydrolysis, a portion of Betuila xylan (0.73 g) was hydrolyzed in 3.6 % sulfuric acid (40 ml, 30 min, 1210, sealed tube). Ion exchange chromatographv of the neutralized hydrolvzate gave an elution pattern shown in figure 1 (lower plot). Most of the uronic acid appeared in a single peak eluted between 200 to 280 ml. Paper chromatography in solvents A and B revealed 3 components in this peak of which the major component had a mobility corresponding to 2-0-(4-0-methyl-glucopyranosyluronic acid) -xylose. The small peak between 340 to 420 ml contained only 4-0-methyl-glucuronic acid.
These results emphasize the value of enzymatic hvdrolvsis over acid hydrolvsis as a means of cleaving the glycosidic bond between 4-0-methylglucuronic acid and xylose. Xylan. Timell (38, 39) has reported that prolonged hydrolysis of Betula (birch) xylan with crude fungal pectinase releases free xylose and 4-0-methyl-glucuronic acid. In order to prepare 4-0-methyl-glucuronic acid for carrier and reference purposes, his observation was re-examined, using as an enzyme source, Pectinol R-10 concentrate. Betula xylan (1 g) was treated with a solution of 0.2 % pectinase and 0.1 % EDTA (40 ml, 24 hr, 400). Soluble Ethaniol insoluble residue froml labeled root tips was hydrolvzed, first with pectinase-EDTA, then wvith acid, as has been described above. Distribution of l'AC into soluble extracts following these treatmients and distribution of 14C amlong cationic, anionic, anid neuitral constituents of these extracts are given in table II. Profiles of gradient elutions of labeled constituents from columns of anionic exchange resin are given in figure 3 . These profiles were obtained fronm results involving sterile root tip experiments.
myo-I'nositol-2-14C Labeled Root Tips. As much as 71 % of the 14C incorporated into root tips was recovered as ethanol insoluble residue. 'Pectinase released 50 to 70 % of this into solution, distributed approximately 1:4 between acidic and neutral constituents. The elution profile of acidic constituents (fig 3) resembles an earlier one obtained from root tips that had been grown in sphagnum moss without attention to possible contamination (30) . Separation and identification by paper chromatography of constituents from pooled fractions corresponding to 1P+2P, 3,P, 4P, and 5P confirmed this resemblance. Figure 4 figure 3 . Thle major l)eak. 1 Root tips incubated in a solution containing a nicromolar concentration of mnyo-inositol-2-1 AC, as represented by these experiments, removed about 80 % of the 14C present in the mediunm withiin the first 12 hours (fig 5) . Thereafter, uptake was very slow and there was still about 6 % of the label in the mediunm at the end of each 24 hour incubatioin. A portion of the final medium fronm Experiment IS was reduced to a small volume, placed on a column of Sephadex G-50 (32 X 2 cm). and eluted with distilled water (fig 6) . Fractions were assayed for 14C and for total carbohydrate. A labeled carbohydrate-rich peak was eluted in the region of the void volume of the column. This was follow ed bya large radioactive peak in the region of small molecules. There was no detectable carbohvdrate in the latter fractions.
The carbohydrate-rich peak fractions were pooled anid hydrolvzed with X hydrochloric acid (30nmnii, 121', sealed tube). Hydrolyzed fragnmeints were separated by ion-exclhanlge and paper chromatographv. About 30 % of the ''C was bound to anionic resiln. The onl labeled acidic comiiponenits that could be eluted b\ dilute formic acid (about one-tlird of the bound '4C() were glucuronic acid and anl aldobiouronic aicid Nwith the mobility of 2-0-( 4-0-methylglucopyranosvluronic acid)- PLAINT PHYSIOLOGY of 0)-miethvl ethers in phenolic substance ( 7, 12 ) or methylv ester-in pectic substalice (28, 31 Zea inays was chosen for this investigation because it is a plant rich in acidic xvlans. The chemical nature of these polysaccharides has been studied b1 others (3, 37 ( 29) . Glucucronlic acid, thouigh less effectiv-e tlhall in vo-iniositol, probably because of extenlsive mietabolismii to othielr enld-products sucih as L-gulonic acid ( 20) and o-glucaric acid (14) , is also converted to the samlie cell wall uniits. Eyi-(lence for niethylation of glulcurolnic aci(l at a step follo\-ing its formzationi has been obtained by isolatioln of labeled 4-0-methlV-glucuronlic acid froml root tips labeled with glucuroniic acid-1_14C anid -6-14C as well as from root tips labeled with the carbon donor, methionine-methyl-4C. Kauss and Hassid have shown that S-adenosyl methionine-1lC (methyl) also acts as a methvl donor to glucuronosvl units in a particulate cell-free preparation from Zea imnayts (13) . Their work suggests that methvlation proceeds after polysacclharide formation but the evidence is, by no means, conclusive.
Earlier work on distribution of 1'C in fractions obtained from ethanol insoluble carbohydrate residue of Hordecinii seedlings suggested that labeled products of iiivo-inositol-2-14C were utilized for cell wall biosynthesis in a non-competitive manner since arabinose anid xylose units recovered froml successive hydroly tic extractions had similar specific activities (16 (fig 9) . In the presence of excess myo-inositol, utilization of glucose 6-phosphate would be blocked anid hexose phosphates would have greater opportunity to equilibrate with the triose phosphate pool. Redistribution of label from carbon 1 into other carbons would result. The fact that this redistribution is reflected in the sucrose-derived glucose, a product of uridine diphosphate glucose, but not in galacturoniosvl units of pectin, a product of uridine diphosphate glucuronic acid, is significant. Statemlenits such as those which suggest that mnyo-inositol is inactive in the mletabolism of plants (33) or that its role is primarily that of a growth factor of uniknowin function ('34) should be regarded cautiously. Recent reports that galactianol has a functional role as a cofactor in galactosyl transfers (35, 36) (23) . Particular interest, with regard to the present study, centers on phvtin, the hexaphosphoric acid ester of nyo-inositol, the form of inyo-inositol most common to seeds of higher plants. As (5) found that Pi controls, in part, the formlationi of phvtase in germinating Triticuinii embryos. Such control would also regulate release of free itnyo-inositol. In germinating Phascolus vulgaris seed (8, 11) , breakdown of phytin in the cotvledons was correlated with a fall in total nmyo-inositol content, with a translocation of mnyo-inositol to the young plant including the root. and with growth of the embryo. From our present results, it is evident that utilization of nyo-inositol as precursor material for the biosynthesis of newly deposited cell wall substance must be given serious consideration in future studies that are directed towards the functional role of phytin during germination.
